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a  b  s  t  r  a  c  t
Two  metal-quinoline  complexes,  Fe(III)-8-hydroxyquinoline-5-sulfonic  acid  (Fe-HQS)  and  Er(III)-8-
hydroxyquinoline-5-sulfonic  acid (Er-HQS),  were  used  as sensitizers  of TiO2 for  improving  visible  light
photocatalytic  activity  of  TiO2.  UV–vis  spectra,  X-ray  Diffraction,  X-ray  Photoelectron  Spectroscopy,  Scan-
ning Electron  Microscope  and Transmission  Electron  Microscope  were  put to use  to  characterize  the
structure  and morphology  of  Fe-HQS-TiO2 and  Er-HQS-TiO2.  The  effects  of  interfacial  electron  transfer
and  energy  level  matching  between  each  complex  and  TiO2 were  researched  intensively.  Er-HQS-TiO2 and
Fe-HQS-TiO2 exhibited  enhanced  photocatalytic  activity  on  photodecomposition  of  phenol  in  aqueous
solution  under  visible  light  irradiation  comparing  to  that  of pure  TiO2.  According  to photoelectrochemi-
cal  response  property  and  theoretical  calculation  of  energy  levels,  two possible  energy  matching  modes
and  photoelectron  transmission  pathways  were  proposed  to explain  the effects  of  Fe-HQS  and  Er-HQS
on  the  interfacial  interaction  between  metal-HQS  complex  and  TiO2, and  their  different  photocatalytic
activities  under  visible  light irradiation.  The  work  in this  paper  indicated  that  metal-HQS  complex  with
appropriate  electronic  structure  and HOMO-LUMO  energy  levels  relative  to the band  gap  of  TiO2 played
a major  role  in improving  TiO2 photocatalytic  activity.
© 2016  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Titanium dioxide has been one of the most promising photocat-
alysts for photochemical production of hydrogen and wastewater
treatment due to its chemical stability, wide availability, energy-
saving and non-toxicity [1–4]. However, since it can only be excited
by ultraviolet light due to its wide band gap, its practical appli-
cations have been limited when the solar energy is used as the
source of renewable energy [5–9]. Several approaches to extend
TiO2 adsorption to visible light, involving mainly either bulk dop-
ing or surface modification, have been developed through the last
decades. In general, the dye-sensitization of semiconductors char-
acterized by high potential of the upper edge of valence band
∗ Corresponding author.
∗∗ Corresponding author.
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edman.tsang@chem.ox.ac.uk (S.C. Tsang).
realized through surface modification encompasses an electron
injection from the excited dye to the conduction band of TiO2
[10,11]. Many sensitizers such as pure organic dyes [12–14], metal-
complexes [15,16], and ruthenium bipyridly derivatives [17–20]
have been frequently used to modify TiO2 so as to efficiently uti-
lize the solar light for photocatalysis. It has been recognized that
the applications of pure organic dyes and ruthenium complexes
are restricted by the poor charge transfer and low photochemical
stability of the former, and the cost and toxicity of the latter. It is,
therefore, highly desirable to develop novel metal complexes which
absorb strongly in the visible region of the solar light with energy
levels capable of injecting excited electrons into TiO2’s conduction
bands. Low cost and non-toxicity are also important factors to be
considered in the development of these novel metal complexes.
8-hydroxyquinoline and its derivatives had been known for
their excellent properties to transfer electrons in organic elec-
troluminescent device (OELD). Many metal/8-hydroxyquinoline
complexes with wide range visible light absorption can be
easily obtained but the studies about the effects of metal/8-
http://dx.doi.org/10.1016/j.apcatb.2016.01.025
0926-3373/© 2016 Elsevier B.V. All rights reserved.
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hydroxyquinoline complexes on the visible light photocatalytic
activity of TiO2 are scarce. Shuhai Chen et al. reported that Fe-
quinoline complexes can transfer photoelectrons to the conduction
band of TiO2 and be regenerated by the electron injection from Rho-
damine B. This Si-doped TiO2 exhibited stronger absorption in the
visible region and showed higher visible light photocatalytic activ-
ity for the degradation of Rhodamine B in an aqueous solution than
Si-doped TiO2 alone and commercial TiO2 [21]. Su et al. studied
the sensitization mechanism of tris (8-hydroquinline-5-carboxylic
acid)/iron (III) on TiO2 anatase (101) surface using density func-
tional theory. They found that the complex possesses a very small
HOMO (highest occupied molecular orbital)-LUMO (lowest unoc-
cupied molecular orbital) energy gap which allows for easy electron
excitation from the HOMO to the LUMO. The energy of the HOMO,
LUMO and Fermi level of TiO2 was increased once the complex was
adsorbed on TiO2. The enhancement of the open-circuit photovolt-
age in dye-sensitized TiO2 solar cells was obtained [22].
In the present work, we report the experimental and the-
oretical investigation of the effects of electronic structure and
interfacial interaction between metal/8-hydroxyquinoline com-
plexes and TiO2 on the visible light photocatalytic activity of
TiO2. We  have found that the molecular structures and the elec-
tronic structures of the complexes determine their energy levels
of HOMO and LUMO, and further affected the electron transfer
from complexes to TiO2, which mainly determined the photocat-
alytic activity of TiO2. Two metal/8-hydroxyquinoline complexes,
Fe (III)/8-hydroxyquinoline-5-sulfonic acid (Fe-HQS) and Er(III)/8-
hydroxyquinoline-5-sulfonic acid (Er-HQS), were synthesized and
each was combined with TiO2 nanoparticles as the sensitizer. Both
Fe-HQS and Er- HQS had a narrow band gap and a strong visible
light absorption. They can transfer photoelectrons to the conduc-
tion band of TiO2 under visible light irradiation. After linked with
metal-quinoline complexes, TiO2 nanoparticles showed higher
photocatalytic activity and photochemical stability during the pho-
todecomposition of phenol in an aqueous solution than using
TiO2 nanoparticles alone. Our experimental results, which were
supported by the theoretical calculations, explained the different
photocatalytic activities of Er-HQS-TiO2 and Fe-HQS-TiO2 using
two possible interfacial interactions. The work reported here has
provided important insight on designing novel high-performance
photocatalysts which will significantly broaden the application of
TiO2 in the field of photocatalytic degradation of organic pollutants.
2. Experimental
2.1. Synthesis
TiO2 nanoparticles were synthesized by hydrothermal meth-
ods. Tetrabutyl titanate (2.0 mL)  was added dropwise to anhydrous
ethanol (5.0 mL)  to form a transparent solution under stirring.
De-ionized water (3.0 mL)  was then added. After continuing
stirring 0.5 h the above solution was transferred to a 25 mL  poly-
tetrafluoroethylene (PTFE) equipped autoclave for a hydrothermal
crystal growth process. The sample was heated at 120 ◦C for 2 h
and then cooled to room temperature naturally. The precipitate
obtained via centrifugal separation was washed with de-ionized
water and anhydrous ethanol before drying in a vacuum oven at
80 ◦C for 24 h. This precursor was calcined at 450 ◦C for 4 h to form
TiO2 nanoparticles.
Er- HQS complex was prepared by reflux method using anhy-
drous ethanol as solvent. HQS (3 mmol) was dissolved in 50 mL
anhydrous ethanol. This solution was refluxed at 80 ◦C for 0.5 h
before 50 mL  Er(NO3)3 (1 mmol) aqueous solution was  added drop-
wise under vigorous stirring. The mixture was continually refluxed
for 8 h. The green precipitate was collected by filtration and washed
several times with anhydrous ethanol before drying at 100 ◦C for
24 h.
Fe-HQS complex was obtained by the similar method. HQS
(3mmoL) was added into 50 mL anhydrous ethanol and the solu-
tion was refluxed at 80 ◦C for 0.5 h. Then 10 mL  aqueous solution
containing 1mmoL  of Fe (NO3)3 was  added dropwise to the
above solution under constant stirring and the color of suspen-
sion changed to black immediately. The mixture was  continually
refluxed for 3 h. The black precipitate was collected by filtration
and washed several times with anhydrous ethanol before drying at
100 ◦C for 24 h.
Metal-HQS complex-TiO2 nanocomposites were prepared as
follows. TiO2 nanoparticles (0.1 g) were added into 10 mL of metal-
HQS complex aqueous solution. This mixture was  transferred to
a 40 mL  autoclave, and the autoclave was sealed and maintained
at selected temperatures (from 70 ◦C to 140 ◦C) for 3 to 11 h. After
the autoclave was cooled to room temperature naturally, the prod-
uct was collected by centrifugation and washed three times with
absolute ethanol, then dried at 100 ◦C. For the purpose of compar-
ison, HQS equivalent to the molar mass of metal-HQS was  used
to synthesize metal-free HQS-TiO2 nanoparticles under the same
condition.
2.2. Characterizations
Ultraviolet absorption spectra (UV) of metal-HQS complexes
and UV–vis Diffuse Reflectance Spectra (DRS) of metal-HQS
complex-TiO2 composites were obtained on VARIAN CARY 500
Scan UV–vis-NIR Spectrophotometer. XRD patterns were ana-
lyzed with a Kigaku.D/Max-ra using Cu K radiation. The size and
morphology were characterized by XL30ESEM-FEG Scanning Elec-
tron Microscopic (SEM) and JEOL 100CXIITransmission Electron
Microscopy (TEM). The XPS analysis was carried out by Thermo
ESCALAB 250 X-ray Photoelectron Spectrometer.
2.3. Photocatalytic evaluation
In a typical photolysis experiment, 50 mg of metal-HQS
complex-TiO2 nanocomposites was dispersed in an aqueous solu-
tion (total volume = 50 mL)  containing 10 mg  L−1 phenol. In order to
facilitate adsorption equilibrium on the surface of the photocata-
lyst, the dispersion was  stirred for 30 min  in the dark. A trichromatic
lamp (80 W)  was used as the visible light source for the photocat-
alytic reactions. The light beam passed through a 400 nm long pass
filter before reaching the photocatalytic cell which was air cooled
to maintain a constant temperature. The phenol concentration was
analyzed via a colorimetric method in which 4-amino-antipyrine
and K3[Fe(CN)6] were used as the reagents. The color change was
monitored at 510 nm using a UV–vis Spectrophotometer.
2.4. Theoretical calculations
The geometries of the metal-HQS complexes were optimized
using density functional theory (DFT) B3LYP method [23]. Consid-
ering the relativistic effect of metal atoms, CEP-121G basis set was
adopted for Fe and Er atoms, while 6–31g* basis set was  employed
for the nonmetal atoms. On the basis of the optimized geome-
tries, the frontier molecular orbitals compositions and energy levels
of the complexes were analyzed. All calculations were performed
using Gaussian 09W program.
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Fig. 1. XRD patterns of prepared TiO2, Er-HQS-TiO2 and Fe-HQS-TiO2.
3. Results and discussion
3.1. Characterization of structure and morphology
The XRD patterns of TiO2, Er-HQS-TiO2 and Fe-HQS-TiO2 are
shown in Fig. 1. The characteristic peaks of anatase TiO2 can be
observed at 25.15◦(101), 37.80◦(004), 48.05◦(200), 53.90◦(105),
55.06◦(211) and 62.69◦(204) (JCPDS No.21-1272). There are no
obvious diffraction peaks that could be attributed to other crys-
tal structure of TiO2. It can also be seen from Fig. 1 that the chief
lattice plane for these three sample is {101} by comparing the
intensities of diffraction peaks. The particle sizes of samples are cal-
culated according to Debye-Scherrer formula and listed in Table 1.
Both sizes of Er-HQS-TiO2 (13.92 nm)  and Fe-HQS-TiO2 (13.67 nm)
increased comparing to pure TiO2 (12.24 nm). The crystal lattice
parameters are also shown in Table 1. It is clear that the crystal lat-
tice parameter a, b of Er-HQS-TiO2 and Fe-HQS-TiO2 only increased
slightly relative to pure TiO2. The obvious decrease of parameter c
Table 1
Particle sizes and crystal lattice parameters of samples.
samples Crystal
phase
Crystal size
(nm)
Crystal parameter (nm)
a b c
TiO2 Aantase 12.24 3.78676 3.78676 9.49135
Er-HQS-TiO2-100 ◦C Anatase 13.92 3.80639 3.80639 9.39336
Fe-HQS-TiO2-100 ◦C Anatase 13.67 3.80331 3.80331 9.40947
demonstrates a notable distortion of crystal structure of TiO2 after
forming nano-composities with Er-HQS and Fe-HQS.
Fig. 2 shows the SEM and HRTEM images of pure TiO2, Er-
HQS-TiO2 and Fe-HQS-TiO2 nano-composites. All three samples are
mainly composed of irregular spherical grains with average size
about 13 nm,  while many small particles aggregate to form large
particles. Hydrogen bonds between hydroxyl groups on the surface
of TiO2 may  cause this aggregation, while the interaction between
sulfonic acid group of complex and hydroxyl group of TiO2 may  be
another cause for aggregation.
The UV–vis absorption and diffuse reflectance spectra of M-HQS
and M-HQS-TiO2 were measured, as shown in Fig. 3. From Fig. 3a
it can be found that the spectrum of HQS consists of two absorp-
tions at 255 nm and 315 nm,  corresponding to →*  and n→*
transition of quinoline structure respectively. Another absorption
peak at 360 nm is attributed to n→* transition from the sub-
stituent group −SO3H. For Er-HQS and Fe-HQS complexes, the
obvious blue shift of →*  absorption peaks can be found. It is
noted that the →*  and n→*electron transfer is restricted due
to the formation of metal-quinoline conjugated structure. In addi-
tion, the absorptions at 400 nm (Er-HQS) and 432 nm (Fe-HQS) can
be assigned to metal-ligand charge transfer (MLCT). For Fe-HQS,
the absorption at 588 nm indicates the existence of d–d transition
of Fe3+ under the disturbance of ligand field. Fig. 3b shows the dif-
fuse reflectance spectra of TiO2, Er-HQS-TiO2 and Fe-HQS-TiO2. The
band gap of TiO2 has been reduced from 3.2 eV to 2.68 eV (Er-HQS-
TiO2) and 2.63 eV (Fe-HQS-TiO2), calculated using Kubelka-Munk
formula (Ahv) 2 = (hv − Eg). That is to say, visible light response for
Fig. 2. SEM and HRTEM images of TiO2 (a), Er-HQS-TiO2(b) and Fe-HQS-TiO2(c).
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Fig. 3. Absorption spectra of M-HQS complexes (a), diffuse reflectance spectra of M-HQS-TiO2(b) and upconversion emission spectra of M-HQS(c).
Er-HQS-TiO2 and Fe-HQS-TiO2 has obtained. Noticeably, Fe-HQS-
TiO2 shows stronger absorption in the range of 500–650 nm than
Er-HQS-TiO2. It is clear that the visible light absorption of Fe-HQS-
TiO2 and Er-HQS-TiO2 are higher than that of HQS-TiO2 prepared
under the same condition.
Erbium is a typical rare earth element. In our previous work
we studied its upconversion properties when it was  doped in TiO2
nanoparticles matrix. The green and red upconversion emission
was observed under 980 nm laser excitation [24]. In Fig. 3c we  have
found that there are two upconversion emission peaks in UV region
for Er-HQS upon the visible light excitation at 550 nm. Emission
peak centered at 250 nm is attributed to the transition 4D7/2→4I15/2
of Er3+ and the peak at 330 nm to 2P3/2→4I15/2. It is worth mention-
ing that strong UV light emission from visible excitation of Er-HQS is
especially useful for the visible light driven photocatalytic activity
of Er-HQS-TiO2 that will be discussed in the phenol photodegra-
dation section. It is also clear from Fig. 3c that the upconversion
emission is absent in Fe-HQS.
XPS experiments were carried out to collect further evidence
that metal-HQS complexes formed nanocomposites with TiO2.
Figs. 4a,b shows the XPS high resolution spectra of Er-HQS-TiO2
(4a) and Fe-HQS-TiO2 (4b). Peaks at 458.8 eV, 464.6 eV in Fig. 4a and
458.85 eV, 464.55 eV in Fig. 4b belonging to Ti 2p3/2 and 2p1/2 indi-
cate the existence of Ti4+ state. Relevant peaks’ position are almost
the same so caused the distances between peak 2p3/2 and 2p1/2
are 5.8 eV and 5.7 eV respectively, which demonstrates the crystal
structure of TiO2 does not change after combining with Fe-HQS or
Er-HQS complex. At the same time peaks at 169 eV deriving from Er
4d and at 711 eV and 725 eV for Fe 2p1/2, Fe-2p3/2 are detected. The
appearance of peaks C 1s, O 1s, N 1s and S 2p illustrate the surface
of TiO2 has been contaminated by organic compounds. It is worth
mentioning that peak O 1s attributed to Er-HQS-TiO2 is different
with that of Fe-HQS-TiO2. For Er-HQS-TiO2 peak at 532 eV belong-
ing to hydroxyl oxygen ( OH) on the surface of TiO2 is stronger
that of other two peaks at 530 and 533.2 eV, that denotes lattice
oxygen (Ti O Ti) in bulk phase of TiO2, and C O bond on the sur-
face of TiO2 respectively. But for Fe-HQS-TiO2 not only the peak
position(529.6, 530.05 and 531 eV) but also the intensity ratio of
these three peaks change a lot comparing to that of Er-HQS-TiO2.
It is confirmed that the chemical surroundings of oxygen in these
two nanomaterials are quite different.
3.2. Visible light photocatalytic activity and catalyst stability
To demonstrate the origin of phenol degradation upon visible
light irradiation in the presence of Er-HQS-TiO2, a series of par-
allel experiments were performed and the results are shown in
Fig. 5a. First, phenol solution was irradiated for time t with vis-
ible light in the absence of catalyst. In this case, no degradation
of phenol occurred. Second, a mixture of phenol solution and cat-
alyst was kept for time t in the dark without irradiation. A very
small amount of phenol was absorbed onto the nanocomposite’s
surface after time t, and the degradation ratio was negligible. And
finally, phenol solution was  irradiated for t time with visible light
in the presence of TiO2, HQS-TiO2, and Er-HQS-TiO2 respectively.
It is found that 95.26% of phenol is decomposed in 3 h by Er-HQS-
TiO2 comparing to only 15.63% in the case of pure TiO2. Results
for photodegradation of phenol by using TiO2, HQS-TiO2, and Fe-
HQS-TiO2 are shown in Fig. 5b, and 94.49% of phenol is decomposed
after 80 min  in the presence of Fe-HQS-TiO2. Both Er-HQS-TiO2 and
Fe-HQS-TiO2 present significantly enhanced photocatalytic activity
over pure TiO2. It is worth to point out that the photcatalytic activity
of HQS-TiO2 is also higher than that of pure TiO2 under the same
condition, but weaker than that of Er-HQS-TiO2 or Fe-HQS-TiO2.
The results suggest that the effective sensitization of TiO2 from Er-
HQS and Fe-HQS complexes, and HQS ligand alone, are realized.
The sensitization is facilitated through the efficient electron injec-
tion from metal -HQS complex, or HQS, to the conduction band of
TiO2. In order to test the stability of the photocatalysts, the recy-
cled photocatalytic experiments are carried out and the results are
presented in Fig. 5c and d. The degradation efficiency of phenol
decreases slightly after twice-recycled experiment for Er-HQS-TiO2
and Fe-HQS-TiO2, but the decrease is more noticeable for HQS-TiO2.
The advantage of metal-HQS complex over HQS  alone may  be
explained by the difference of their attachment modes to the sur-
face of TiO2. It has been demonstrated that the structure and the
anchoring group of metal-HQS complexes or HQS on TiO2 are
crucial to the light harvesting and the charge injection at the metal-
HQS complex/TiO2 or HQS/TiO2 interface, because they decide the
amount of metal-HQS complex or HQS molecules attached to and
their orientation on the surface of TiO2 [25]. From Fig. 6, the
schematic illustration of Er-HQS or HQS attached the surface of
TiO2, we  can see that there are two  possible modes linking HQS
onto TiO2 surface. One is chelating mode via N and O atoms of HQS
coordinating to Ti atom of TiO2 surface, and another is the binding of
HQS sulfonate group with Ti of TiO2 surface. These two modes com-
pete with each other, causing the disorganization of HQS molecules
on the surface of TiO2, which may  result in poor electron injection to
the TiO2 conduction band. The HQS molecules already attached to
the surface of TiO2 can also form hydrogen bonds with other HQS
molecules using the remaining function groups. The aggregation
increases the steric hindrance which can also reduce electron injec-
tion efficiency. Furthermore, hydrogen bonds formed between HQS
can weaken the interaction between HQS and TiO2 and decrease the
stability of HQS-TiO2 to some extent. On the contrary, the attach-
ment of metal-HQS complex on the surface of TiO2 via its anchoring
sulfonate group provides a more compact and ordered arrange-
ment which is obviously beneficial to the electron injection and the
catalytic stability, which is confirmed by our experimental results.
Comparing Fig. 5a and b it is seen that shorter time (80 min) was
needed to decompose the same amount of phenol using Fe-HQS-
TiO2 (3 h for Er-HQS-TiO2). The different electronic structure and
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Fig. 4a. XPS spectra of Er-HQS-TiO2.
Fig. 4b. XPS spectra of Fe-HQS-TiO2.
Fig. 5. Visible light degradation of phenol under different condition by Er-HQS-TiO2 (a,c) and Fe-HQs-TiO2 (b,d).
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Fig. 6. Schematic illustration of M-HQS or HQS on the surface of TiO2.
interfacial interaction between the metal complex and TiO2 may  be
the key reason. On the one hand, the valence electron structures of
transition metal Fe3+ and rare earth Er3+ are different. The valence
electrons of Fe3+ are in the outermost 3d orbits, which is easy to
transport excited electrons to ligand HQS via M-L  transfer and then
to the conduction band of TiO2 when irradiated by visible light.
However, the valence electrons of Er3+ are in 4f orbits, which are
shielded effectively by outer 5s and 5p orbits. Instead of transferring
excited electrons to the ligand and then to TiO2, the f–f electron
transitions take place inside the shell of 5s and 5p. This difference
is revealed by their different energy requirement for M-L  transfer:
432 nm for Fe-HQS, and 400 nm for Er-HQS.
To verify the effects of valence electron structure of metal ions
on the interface electron transfer between metal-HQS complex and
TiO2, the photocurrent density of Fe-HQS-TiO2 and Er-HQS-TiO2
were recorded and given in Fig. 7. It is obvious that the photocur-
rent densities derived from TiO2, Er-HQS-TiO2 and Fe-HQS-TiO2
are quite different when they are under visible light irradiation. As
Fig. 7. Photoelectrochemistry performance of TiO2, Er-HQS-TiO2 and Fe-HQS-TiO2.
soon as the visible light was  turned on, the photocurrent densi-
ties for both Er-HQS-TiO2 and Fe-HQS-TiO2 reached their highest
value, with faster response to visible light than TiO2. During the pro-
cess of irradiation the photocurrent densities of all three catalysts
decreased slowly and changed slightly after ten circles, showing
good photostability. The photocurrent densities of Fe-HQS-TiO2
and Er-HQS-TiO2 are, around three times and twice, respectively,
higher than that of TiO2. The higher the photocurrent density means
the longer the lifetime of photo-generated charges, thus the better
photocatalytic activity. It is no surprise that the best photoctatlytic
activity is found for Fe-HQS-TiO2.
On the other hand, interface electronic energy level alignment
decides the efficiency of interfacial electron migration. Fig. 8 shows
the diagrams of crucial molecular orbital energy levels of Fe-HQS
and Er-HQS, The energy gap E  (LUM O-HOMO) relates with the
visible light response of the metal-HQS complex, and the energy
level matching or mismatching between the complex and TiO2
determines the probability of electron transfer. From Fig. 8a it is
found that the energy gap of Er-HQS ( isomer) is 1.716 eV and Er-
HQS ( isomer) 3.371 eV, suggesting that the electron transfer from
HOMO to LUMO can be achieved under visible light only for  iso-
mer. It is clear that the electron cloud is concentrated around the
central Er3+ ion after the electron excited from HOMO to LUMO. This
situation is unfavorable for the enhancement of the photocatalytic
activity of TiO2, since it is the ligand rather than Er3+ ion that links
to the surface of TiO2. By contrast, the energy gap of Fe-HQS ()
and Fe-HQS () are 0.854 eV and 1.580 eV, respectively, meaning
that visible light even near infrared light can be used to excite elec-
trons from HOMO to LUMO. The benefit of electrons propagating
from central Fe3+ to ligands (seen in Fig. 8b) is that photoelectrons
are easy to inject to TiO2 through ligand, which will improve the
photocatalytic property of TiO2.
Energy level matching between metal-HQS complex and TiO2 is
one of the most decisive factors for enhanced photocatalysis. Fig. 9
shows the schematic illustration of energy levels of Er-HQS, Fe-
HQS and TiO2. Between Er-HQS and TiO2, photoelectrons are easy to
move from LUMO of Er-HQS () to CB of TiO2 under visible light irra-
diation due to energy level matching. Additionally, photoelectrons
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Fig. 8. Diagrams of crucial molecular orbital energy levels of Er-HQS (a) and Fe-HQS (b).
Fig. 9. Schematic illustration of energy level of Er-HQS, Fe-HQS and TiO2.
on Er3+ energy level 4I9/2 converging from ligands can be excited to
2H9/2 first and then return to CB of TiO2 via upconversion process.
The injected electrons via either pathway are scavenged by the pre-
adsorbed O2 on the surface of TiO2 to form superoxide anion radical,
which with its strong oxidizing activity enables the degradation of
phenol. These superoxide anion radicals attack the aromatic rings
of organic pollutants forming intermediates and mineralizing them
to carbon dioxide and water. A different situation exists for Fe-
HQS-TiO2. First, visible light is an effective excitation light source
for both Fe-HQS () and Fe-HQS () because of their small energy
gaps. Second, the CB energy of TiO2 is lower than that of HOMO of
both Fe-HQS () and Fe-HQS (). So the photoelectrons on LUMO
of Fe-HQS () and Fe-HQS () transfer to the CB of TiO2 to decrease
the whole energy of Fe-HQS-TiO2 and increase the stability of sys-
tem. The amount of photoelectrons obtained by TiO2 is likely more
than that in Er-HQS-TiO2 since more effective photocatalysis in the
decomposition of phenol is observed.
4. Conclusions
Er-HQS and Fe-HQS, with visible light adsorption, are stable,
inexpensive, and easy to be synthesized. TiO2 nanoparticles exhib-
ited enhanced visible-light photocatalytic activity after sensitized
with either of the two complexes. About 94.49% of phenol was
decomposed after 80 min  in the presence of Fe-HQS-TiO2 under
visible light irradiation (80W), while 3 h visible light irradiation
was necessary to of the same amount of phenol when Er-HQS-TiO2
was used as photocatalyst. The difference in photocatalytic activi-
ties of these two systems may  be attributed to the different valence
electronic structure and interfacial interactions between the com-
plex and TiO2, such as valence electron structures of metal ions,
energy levels and electron transfer features of metal-HQS com-
plexes, and the extent of energy level matching between metal-HQS
complex and TiO2. The work in this paper demonstrates that effec-
tive electron transfer at the interface of metal-HQS complex and
TiO2 together with the appropriate energy level alignment between
the HOMO-LUMO of the metal complex and the band gap of TiO2 is
critical for metal-HQS-TiO2 to achieve high visible light photocat-
alytic activity.
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